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Positronium (Ps)

Positron

Bound state of an electron (e’) @/ ‘!

and a positron (e*)

Electron

Lightest and Exotic Atom

 Lightest hydrogen-like atom (mass = 1.022 MeV)
* Pure leptonic system. Free from uncertainties of

hadronic interactions.
-> |deal system for precision test of bound-state

Quantum ElectroDynamics (QED).

e Particle-antiparticle system
-> Sensitive to physics beyond standard model.

* The lowest energy e* e “collider”



Positronium (Ps)

S =1 (Triplet)

I number as photon

o-Ps > 3y{(, 5y, ...)

—_

T S =0 (Singlet)

<x> Para-positronium (p-Ps)
l Spin=0 pseudo-scalar

p-Ps = 2y (, 4y, ...

T@ é Ortho-positronium (o- Ps)
Spin=1 The same quantum

/

p-Ps

—k
4—

Llfetlme 142 ns

g

Continuous spectrum

Lifetime 125 ps

—_—

s

Monochromatic 511 keV



Positronium Hyperfine Splitting
(Ps-HFS)

SINGLETS TRIPLETS LIFETIMES

2351 1.14 usec
8.624 4(15)GHz  (3y decay)

Energy difference
between two spin
eigenstates of the 11180 0(64) GHz .-*

ground state Ps . 23P, o4ms(2y) T
21p .
- Ps-HFS (203 GHz) 1\ 130124017 6H AN Hsp. | 3.18 nsec
/ _
33ms(3Y\ 18499 7(42) GHz (Lyman-a)
y/4 =€/2772 g Sp|n_sp|n 23P0 0.1 ms (2y)
interaction 1.00 nsec
2'S, | (2y decay)
5 430 A 1233 607.216 4(32) GHz
positron positron
%k
o-Ps o-Ps 135, 0-Ps |142.043(14) nsec
(3y decay)
electro electron '203.388 65(67) GHz
time ground state) HFS
Quantum oscillation p-Ps 1S, 0.84meV 0.125 142(27) nsec
(2y decay)

effect is also large (40%)



Previous

experimental

results are
consistently
lower than
theory.

Discrepancy Between
Previous Experiments and Theory

N

Phys. Rev. Lett. 34, 246 (1975)
L

Phys. Rev. A15, 241 (1977)
@

Phys. Rev. A15, 251 (1977)
®

Phys. Rev. A27, 262 (1983)

Phys. Rev. A30, 1331 (1984)

| | | | |
203.38 203.385

Theory (2014)
PRD 89 (2014) 111301(R)
PRA 90 (2014) 042502
Previous experimental
average
203.388 65(67) GHz
(3.3 ppm)
O(o3Ina?)
+ some of O(03)
QED theory
203.391 90(25) GHz
(1.2 ppm)
L |
203.39
Ayps (GH2)

<+

16 ppm (4.5 o) significant discrepancy



Possible reasons for the discrepancy

e Common systematic uncertainties in the previous
experiments

1. Non-uniformity of the magnetic field.

2. Underestimation of material effects. Unthermalized o-Ps
can have a significant effect especially at low material
density. cf. 0-Ps lifetime puzzle (1990’s)

We introduced new methods to reduce these
systematic errors.

* Need new development on calculation of bound-state
QED or New physics beyond the Standard Model.
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Material Effect on Ps-HFS

Need material (in this case gas molecules) so that positron
can get electron and form Ps.

Ps-HFS
= Spin-spin interaction + quantum oscillation
—>Depends the distance between e and e*.

Materials make electric field around Ps
—>Change the distance of the electron and the positron
—>Change HFS (The Stark Effect)

Ps
G Q Short distance
S

—>Large HFS

Pps € >

07 Long distance
—>Difficult to interact

—>Small HFS

11




Estimation of Material Effect in previous experiments

 Need material (in this case gas molecules) so that positron can
get electron and form Ps — Ps feels electric field of material

Strength of the Stark Effect
oc ~ Collision rate with surrounding molecules

oc (Density of surrounding molecules) x (Ps velocity v) 3/

—If the Ps velocity is constant (under assumption that Ps is well
thermalized), the material effect is proportional to gas density.

>The Previous <Density dependence at V. Hughes et al.>

experiments

°
>
o

_ Linear
'\}%ﬂ extrapolation
T

T
| I

o©
w
®

Phys. Rev. A
1984 30 1331
Ritter, Egan, Hughes et al.

Change of HFS (GHz)

N, gas density (amagat) 9

FIG. 7. Measured values of Av vs n circles are from Ps IV and

the closed circles are from the present work. The straight line is the best fit described in Eq. (14).



Evolution of Ps velocity

Strength of the Stark Effect
oc ~ Collision rate with surrounding molecules
oc(Density of molecules) x (Ps velocity v(t))3/>

Ps loses its kinetic energy

< Simulation of time evolution of Ps
and gets room temperature

velocity in N, gas >

could be a large O(10ppm) 2 6,=13. OXlO 16?

systematic uncertainty

= Thermalization ¢ : : : | |
P i O7PS B N=0.1atm |
It takes longer time to P 3
: S N Ilfetl me &= N~=0.2atm
thermallze In Iower denSIty ; 500f-\ N ........................ ............... = Nz—o 5atm "
3 .| |mNz10atm
— Linear extrapolahon O ool N NG
g
D. 3

—We also measured Ps

thermalization independently.”t

Used obtained result for oo s e =
: Time,since Ps formation (ns)

analysis of our new Ps-HFS measurement.

m?2,



How to measure the Ps velocity v(t) ?

* Use pick-off of 0-Ps

e pick-off(t)
= pick-off cross section
x density of material

X 0-Ps amount (t)
v(t 0.6

v(t)O.G
pick-off (2y decay)

oC
o-Ps (3y decay)

<pick-off> Surrounding

Material

aw@

ulmmedlately annihilate

°o @

511keV 2y decay
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Measurement of Ps Thermalization

Experimental Setup (Overall)

Timing; START by Plastic
Scintillator & STOP by Ge

detector

Stop e* in the gas and form Ps

Source is inside the vacuum

chamber.

Change thermalization condition

by changing the gas pressures.

lg. N,
Tank

with plastic
iljator

Ge detect

Yuichi Sasaki

-ra
Ps formation rey

(gas only or gas+aerg

Vacuum
chamber

gel)
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Estimate amounts of o-Ps and pick-off

1, Make energy spectrum
at each timing window

2, 0-Ps is normalized at
continuous region

(480—500 keV).
3,511 + 3 keV is taken as
pick-off
4, Efficiencies of 0-Ps,
pickoff, and pileup are

estimated by MC
simulation.

Isobutane only / Isobutane
+ aerogel measurement.

Change gas pressure,
measure 2g/3g at various
gas pressures

V(t)0'6
pick-off (2y decay)
ocC

o-Ps (3y decay)

_ 0-Ps+pick-off m
= (Real Data) +r,

3y Spectrum
(Simulation)

pick-off

475 4%

;;,‘“'
171 |III

485 490 495 'Il 505 510 515 520

o-Ps normalization Energy(keV)



Analysis of thermalization measurement

e Use timing window of 40—800 ns in order to avoid prompt
peak. Use the following equation for fitting.

Parameter to fit: ()’m: Momentum-transfer cross section

Aerogel term

B
d 3 8 [2 2 E (¢
—FE (1) = —\/2mPsEav(t)(Eav(t) - —kBT)(—W/— Z9ult fx(L()) )’ My, : PS mass
dr 2 3\V3m M T }‘n : gas density

from J. Phys. B 31 (1998) 329 Y. Nagashima, etal. M\ : mass of molecule

 Thermalization of Ps before 40 ns, where kinetic energy is high
(>0.15 eV), has been already measured by Doppler Broadening

Spectroscopy (DBS) method to be 0, =146 + 11 A2 E,=3.1 j’é'_‘;
eV (initial kinetic energy) DBS: Phys. Rev. A 67, 022504 (2003)

* Isobutane has a rovibrational level at 0.17 eV. Value of o, can
be different above (DBS) and below (pick-off) this level. — Fit
with fixed initial condition of DBS result, but change o, at 0.17
eV 17



2v/3y fitting

Aerogel + gas

. o ‘ . . : .
Velocity dependence of E 0.00fF N
pickoff rate in isobutane sooglfs T
gas &oorl\§ o =46.0+45K2 Emosram |

oc 06 (= F03) ; B o tcam (a2 |
. . oosb-\ &\ IR 0.00atm (Run) |
Simultaneous fit of all g | .00m (Runs) |
gas densities 0.055— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ T
o) o —_— 0.04 :_ .......................................................... _i ..... ................ E ...................
E - e i
- 0_03 __ .................. ................. .................. ....... : ................ ? .................
..... Lvwn s b b b b b b o
E 0 50 100 150 200 250 300 350 400
« TIME (ns)

+ 0.657 amagat _
Consistent results from

T gas-only measurement and

2 0.277 amagat .

: with aerogel

0.138 amagat

. T | measurement.

0 100 200 300 400 500 600 700 _ A2
TMEms) Mean o, =47.2+% 3.90 A

systematic error 5.4 A

o
O A N o~ = AD)
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Experimental Technique
Indlrect I\/Ieasurement using Zeeman Effect

Direct

measurement
(Miyazaki et al.,

PTEP 2015,

C11C01 (2015))

measuremen

|+> (m,=0

/

Ayrs €an be
203 GHz gptained by A

3GHz

In a static magnetic field, the
2y p-Ps state mixes with the m,=0
state of 0-Ps (Zeeman effect).

eeman transition

— 2y-ray annihilation (511 keV
monochromatic signal) rate
increases.

This increase is our

mix  experimental signal.

Approximately,

: (mq)

ZY A, = EAHFS
' This is not precise enough,
_ guzB P ) g
X = . so we solve time evolution

of density matrix.
20



Measurement @ KEK CSC
Uul2910

.| Waveguide -

Large bore
superconducting magnet r ] TG
1 P oa mmw

Cavity and detectors
at the center of the
magnet.

Y )

=
\\
~—

Almost all of the materials
inside the magnet bore is

non-magnetic - |



Center of the magnet

P

y —ray detectors

- v
G
g

it

] F

7

[ tagging system
behind the cavity

>~
|
LN

i
i

LTI




Our new Experiment

High power RF
(500W CW)

waveguide

High performance
y-ray detectors

B-tagging system Large bore

superconducting
magnet +
e compensation coils

—>Solve systematic error
from non-thermalized Ps.

—>Solve systematic
error from

B (0.866 T) non-uniformity of
magnetic field.

PMT

(7

.Z(MZ - 1.5 ppm uniformity

m— |
g == and 1 ppm stability

p”

‘\‘r 1

= e
%

N

—>Solve systematic
error from non-
thermalized Ps.

| e N8

PMT ’ 1 MBa) ’
RF cavity
(Filled with

pure i-C,H,,)
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Our new Experiment

High power RF
(500W CW)

waveguide

High performance
y-ray detectors

B-tagging system Large bore

superconducting
magnet +
e compensation coils

—>Solve systematic error
from non-thermalized Ps.

—>Solve systematic
error from

B (0.866 T) non-uniformity of
magnetic field.

PMT

(7

.Z(MZ - 1.5 ppm uniformity

m— |
g == and 1 ppm stability

p”

‘\‘r 1

=4
V

N

—>Solve systematic
error from non-
thermalized Ps.

| e N8

PMT ’ 1 MBa) ’
RF cavity
(Filled with

pure i-C,H,,)
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Magnetic Field

100 mm v = Measured the magnetic
, field at 310 points in the RF
cavity using NMR probe.

Made the map of
the magnetic field.




Uniformity of the Magnetic Field

Top view 7

Magnetic field distribution on Y=0
plane. (O is the center of the cavity)

Z (AXIAL) POSITION (

200 40 60
X POSITION (mm)

0o
C
b=
O
-
©
C
®)
O
—
)
Q.
-
%
)
—_
o
O
)
0o
—
©
-l

Non-uniformity in the Ps formation volume is 10 ppm (RMS) without any
compensation coil.

e Effects of PMT (strongly magnetic) and jigs are also big. Compensation coil
was made to get O(ppm) homogeneity including these materials.

26
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Compensation Magnet
Magnetic Field distribution (Horizontal)

2 ring coils

| I

Z (AXIAL) POSITION (mm)

’
N |

* 2 ring-coils are rolled on
the cavity flange.

- They make the opposite
field and reduce the
gradient.

50F

40
30
20
10

-10
-20
-30

(O is the center of the cavity)

O 22\ 5

....................................................
....................................................

......................................

......................................

X POSITION (mm)

i 1 1
40

€
10 &
=
o
0 =
=
o
10 €
Ll
)
20 5
o
Ll
™
-30 a

1.5 ppm (RMS) uniformity in the Ps
formation volume (10.4 ppm w/o coils)
—3.0 ppm systematic errors D s K BZZL.



Our new Experiment

High power RF
(500W CW)

waveguide

High performance
y-ray detectors

pB-tagging system Large bore

superconducting
magnet +
e compensation coils

—>Solve systematic error
from non-thermalized Ps.

—>Solve systematic
error from

B (0.866 T) non-uniformity of
magnetic field.

PMT

(7

.ZM: - 1.5 ppm uniformity

m— |
g == and 1 ppm stability

p”

‘\‘r 1

= e
%

N

—>Solve systematic
error from non-
thermalized Ps.

| e N8

PMT ’ (1 MBa) }
RF cavity
(Filled with

pure i-C,H,,)
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) 3-tagging system

RF Cavity

Rl Source
(’Na 1 MBq)

* Tag e from the 2’2Na by thin
(0.1 mm) plastic scintillator.

> t=0

Plastic

L1 Scintillator
10 cm

Plastic scintillator

Lid of cavity

 DAQTrigger is made by
coincidence of e* tag signal and
y-ray detection.

* Time difference of these signals
is Ps life time of each event.



g-ray detectors ~LaBr,~

LaBr;(Ce) scintillator x 6
(38.1 mm in diam., 50.8 mm long)

Guide scintillation light by UVT
(Ultra-Violet Transmitting)
light guides.

Detect photons by Fine-mesh
PMTs in the magnetic field.

SUINLESS KARDENED A :
A0 ‘820 430 AN
40 150 160 170 180 190 200 10 2 4 60 270 280 290 300 310 320 330 340 350 3 Q .

ENERGY SPECTRUM | 22|\3 * Fastrising 22Na

® 2.2F ; * No slow component
E, “2;: High energy resolution
5‘; :2: 4 % FWHM
E 12} @ 511 keV
S L e 8%
8 g:g; (with light guide 8%) ﬁ
8%5_ High timing resolution

b 100 200 300 400 500 600 20
ENERGY (keV) 2_00 pS FWHM @ 511 keV S—

¢




Treat Ps thermalization correctly by
introducing a completely new concept
(Timing Information)

 Underestimation of Ps thermalization effect could
be a large systematic error of O(10ppm).

e Obtain timing information, which was not
considered in the previous experiments.

— Reduce the effect from non-thermalized o-Ps.
Analysis can treat Ps thermalization correctly by
measuring the time evolution precisely.

The first precision measurement of Ps-HFS
using timing information

31



Positronium Hyperfine Splitting (Ps-HFS)
Material effect and Ps thermalization
Our New Experiment

Analysis and Results

Prospects & conclusion

32



—
Q

l'h‘il‘llllluqnln

COUNT§ (’lkeV/ns/s)
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Q
1N

107

Tlmlng spectra (RF-OFF)
M R I B B IR IR A

Suppress Prompt and Accidental backgrounds
by a Timing window of 50 ns — 440 ns

- 20 times higher S/N
Unthermalized o-Ps events
are also suppressed.

Tt

Accidental
window

@ 0.881
amagat

-h-d-#i444$r-

—
—
A
]
=
i |
[]
1
—
[ ]
1
1

1k|n-

'IJLI_!LIJJ.LIJE

500 400 600 800 1060 13200 1400
TIME (ns)

O ]
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Tlmlng spectra (RF-ON/OFF)

"'\,)\ I I I | I I I | I I I | I I I | I I I | I I I | I I I |
210" =
> .
()] ]
x i
N 102 —
e 10 E
Z

-

Q. . Accidental
O107; window

@ 0.881
amagat

.||||||||..|
0 200 400 600 800 1000 1200 1400
TIME (ns)

Lifetime is clearly shortened by RF due to the
Zeeman transition.
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Energy spectra

timing window 50 — 60 ns 511 keV/i 10
0.022/- | | ¥ High S/N ¢ s/Nof

0.02 previous
0.018 experiment
0.016 ——————
0.014
0.012%
0.01
Accidental
spectrum is

subtracted using L

1000—1430 ns E

timing Window | | i | | | | : || 1 I I ! I | | | | | | | I-I.-i |——_|- \ 4
300 350 400 450 500 550 600 ©
ENERGY (keV)

2y decay rate increases because of the Zeeman
transition. Calculate (RF-ON — RF-OFF) / RF-OFF of

count rates in the 511 keV * 10 energy window. 3

\

Py
P
o
z

I||II|III|III|III
®
o
o0
0]
=

-1 o N,
e ,/' e
- ' I - .

COUNTS (/keV/ns/s

N

o,

[ ]
L
]
-y
L
]

BG




(N

Resonance line

Ner-ore) / NRF-OFF

RF-ON

Scanned by Magnetic Field with the fixed RF frequency and power.
50—440 ns is divided to 11 sub timing windows.
Simultaneous fit of all of the gas density, magnetic field strength, and (sub)
timing windows.
Time evolution of A, and pick-off rate (o< nv3/>) is taken into account.
T ‘ T T T | T L T ‘ T T T | T
i —4+— 50-60ns| O [ — % 60-70ns |
15 N Aooa 7R ®--- 70-80ns4 _215 ~mnoota ¥ \ = - @---- 80- 90 ns—
: @ 0881 ......... . SR 90-105 ns: E : @ 0881 ......... i S— 105-120 ns:
- amagat /s g N - x--120-1400s1 2 - amagat /g N} - %--140-165 ns -
1- -e-de-165200ns | Q@ gl = +:=3%==200-260 ns_|
2 A U @ ====260-440 ns | ch i -
[ 'z [ i
0.5 et kT T 2 0.5 —
[ AT ORI o ) SR VRSO ]
OF T eessee., T . oF \ P =
- T "‘@-' | B « ‘,y |
: @‘.0 . “@0’ : : \X :
B G’ i - |
_0-5 ! 1 | 1 1 | 1 1 | 1 1 | 1 1 | 1 _0.5 | | | | | ‘ | | ‘ l 1 | 1 1 | 1
0862 0.864 0.866 0.868 0.87 0.862 0.864 0866 0.868 0.87
MAGNETIC FIELD (T) MAGNETIC FIELD (T)

Ay = 203.394 2(16) GHz (8.0 ppm) x2/ndf = 633.3 /592 (p = 0.12)
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Time evolution of some parameters
(fitting results)

Ps velocity / c Ps-HFS
© 0.0025F = 2034 .
> i} | I o |
: 1 © [ e -
3 1 = 38L< 0.129 amagat ]
0.0021 1 Tp0s3sy -
; 1 < B :
. 203.36] -
0.0015? ] - 0.881 amagat ]
! ] 2083411 e e o]
_"‘ B /',.’ \ :
0.001 — : 1.358 amagat ]
, 0.881 amagat i 203.32 -
N - 203.3 -
~ 1.358 amagat ] ]
o b e e b e e b e b e e e
% 100 200 300 400 500 600 29328 "j00 200 300 400 500 600
TIME (ns) TIME (ns)
* Slow change at low gas density.  0O(100 ppm) change in 0—50 ns
* Kinks are due to change of s, TW.
from DBS value to our pick-off  0O(10 ppm) slow change at low
value. gas density.
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Quality check: gas-density dependence
of Ps-HFS

Completely separate analysis which determine A, value at each
gas density has been performed to provide additional insight into
the complete experimental data set and confirm their quality,
although this method cannot take into account the time evolution
of Ps-HFS.

% No strange behavior

203.42

Aues (GH2)

2034

203.38

203.36

203.34

1 1 | 1 1 1 | |
0.2 0.4 0.6 0.8 1 1.2 1.4
GAS DENSITY (amagat)

o T T
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Magnetic field dependence

Checked magnetic field (center value of the resonance)
dependence. The material-effect parameter C (“slope” in density
dependence plot) was fixed in this check.

< 203.415

I
S 203.41

'

I T I T I | T I I I |

No magnetic field dependence

FS

I
<1 203.405

203.4

203.395

203.39

203.385

II|IIII|IIII|III|IIII|IIII|IIII|IIIIJ-

||||||||||l|||||||lll||lll|||ll||||
—e
——
B *-¢
——
-+
———

203.38

1 I | 1 | | | | | | l | | | | |
0.8655 0.866 0.8665 0.867
MAGNETIC FIELD (T)
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Systematic errors iMain onesi
Source ppm in D,

C 0-Ps pick-off rate 3.5
. Gas density measurement 1.0
Material _ g Y i . |
Spatial distribution of density an 2.5
Eﬂ:ECt temperature of gas in the RF cavity
__ Thermalization of Ps 1.9
) B Non-uniformity 3.0
Magnetic .
Field —q Offset and reproducibility 1.0
€ — NMR measurement 1.0
B RF power 1.2
RF —3 Q, value of RF cavity 1.2
— RF frequency 1.0
Ana/ysis —  Choice of timing window 1.8

Quadrature sum 6.4

Combined with 8.0 ppm stat. err., AHFS =203.394 2(21) GHz (10 ppm).



Sy

stematic errors (Main ones

Source ppm in D,
<:o—Ps pick-off rate 35 D>
. Gas density measurement 1.0
Material
£ ¢ —d—Spatial distribution of density and z.b>
ffec ~—temperatuce of gas in the RE cavity
__ Thermalization of Ps 1.9
Magnetic -j:NQn—uniformity (A o< B2?) 30 >
Field Offset and reproducibility 1.0
1€ — NMR measurement 1.0
B RF power 1.2
RF —3 Q, value of RF cavity 1.2
— RF frequen 1.0
Ana/ysis hoice of timing window 1,8

Quadrature sum

Combined with 8.0 ppm stat. err., AHFS =203.394 2(21) GHz (10 ppm).



Systematic error (o-Ps pick-off rate)

We obtain HFS by fitting the data with theoretical transition line
shape. This calculation needs o-Ps pick-off rate (I' ;. (t)) as an input
parameter. Obtain this rate by fitting the RF-OFF time spectra by the
following function which includes Ps thermalization.

B t F i t/
N(t) = NO exp _Fo—Ps/ (1 + ? k( )) dt/]
L 0
B t F i t/
+ Niexp —F|+> / (1 + L()> dt/]
L 0

L4y

COUNTS (/keV/nsl/s)

Ipick (1, 1) = Ipick(n, 00) X

Obtain this value

| | ‘ |
200

\\‘\\\‘ |
400 800 1000 1200 1400
TIME (ns)

Error of I ;. (n,©0) in this fit
corresponds to 3.5 ppm of Ps-HFS error.
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Systematic error

(Spatial distribution of density and temperature of gas in the

RF cavity)

* i-C,H,, slightly absorbs microwaves
-> heated up -> high temperature (low density)
* This temperature (density) distribution in the RF cavity depends
on the position in the RF cavity (RF power distribution)
-> Ps feels different gas density depending on position

e Distributions with an
extreme condition of no
gas convection are
calculated.

* Assumed absorbed RF
oc energy density of E-

field of TM 4,
=170 K range distribution
-> shifts D, by +2.5ppm.

200

m
o
o
o

180

o
(=)
5

—160

o
=)
N

—140

Y POSITION (mm)

o

—100

-0.02

GAS TEMPERATURE (°C)

-0.04

-0.06

-0.06 -0.04 -0.02 0 0.02 0.04 0.06
X POSITION (m) 43




Systematic error (choice of timing window)

Timing window of 50—440 ns
1. Ending time of 440 ns is fixed, compared starting time 40 ns, 60 ns
2. Starting time of 50 ns is fixed, compared ending time 260 ns, 620 ns

-~ L L T T UL AL L -~ LA DL T T T T T T T T T
N 203.307F 5§ 203.397f =
) - ; 10 - ]
© 203.396 . — 2 203396 ]| i .
I I - —
< N ] < - —
203.3951 E 203.395 ]
- . ° . e .
203.394 ® E 203.394— ¢ ¢
203.393F - - .
- | . 203.393[ -
203.392| 1 - - I I
- . 203.392/— -
203-391 :7_ 1 1 1 I 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 I 1 1 I— 7\ 1 1 I 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 I 1 1 1 \7

20 45 50 55 60 250 300 350 400 450 500 550 600
FITTING START TIME (ns) FITTING END TIME (ns)

In both cases, no systematic dependence was observed.
1.8 ppm shift at the maximum — systematic error.
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Estimation of non-thermalized o-Ps effect

In order to evaluate the non-thermalized o-Ps effect on Ps-HFS,
fitting without taking into account the time evolution of A .. and
pick-off rate was performed. (well-thermalized assumption)
Other procedures were the same (used 50 — 440 ns timing window)
Result was:

203.392 2(16) GHz (x?/ndf=721.1/592, p=2x10+4)

(cf. with time evolution 203.394 2(16) GHz, (x?/ndf=633.3/592, p=0.12))
This value is lower than the fit with time evolution by as large as
10 £ 2 ppm. This is comparable to the discrepancy of previous
experimental results and theory (16 ppm).

This effect might be larger if no timing window is applied, since
Ps-HFS is dramatically changing in the timing window of 0—50 ns
because of the rapid change of Ps velocity.

It strongly suggests that the reason of the discrepancy in A, is the
effect of non-thermalized Ps.
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Result

Previous experimental Theory (2014)
average

Phys. Rev. D 89 (2014) 111301(R)

Phys. Rev. A 90 (2014) 042502 Favors QE D
calculation

Phys. Rev. A 27 (1983) 262

Old method
(Consistent

with theory

Phys. Rev. A 30 (1984) 1331

New measurement within 1.10,

© disfavors
previous
experiments

Phys. Lett. B 734 (2014) 338

203.386 203.388 203.39 203.392 203.392,_,;0(%%92(); by 2.6 o)
Our new result taking into account the
Ps thermalization is:
Ay = 203.394 2 £ 0.001 6 (stat., 8.0 ppm)

+ 0.001 3 (sys., 6.4 ppm) GHz
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Positronium Hyperfine Splitting (Ps-HFS)
Material effect and Ps thermalization
Our New Experiment

Analysis and Results

Prospects & conclusion
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Future prospects

Measurement in vacuum using slow positron beam

(hopefully better than 1 ppm result within 4—5 years)

e High statistics (scan in vacuum instead of extrapolation,
higher power RF without discharge)

 Completely free from material effect

* Short measurement period reduces systematic errors

Large bore
= superconducting
Positron beam (‘ﬁ magnet
(ns pulsed) e Ps formfation
c”j

\/




Other methods

* A. Miyazaki et al., Prog. Theor. Exp. Phys. 2015, C11C01
(2015).

Direct measurement without static magnetic field (540 ppm).
It is mentioned that it can be improved to < 10 ppm in future.

e D. B. Cassidy et al., Phys. Rev. Lett. 109, 073401 (2012).

Saturation absorption spectroscopy between Zeeman-shifted
1S and 2P levels (2%).

It is mentioned that it can be improved to ~ ppm in future.

e Y.Sasakietal., Phys. Lett. B697, 121 (2011).
Quantum oscillation between Zeeman shifted levels (200 ppm)
It is mentioned that it can be improved to 15 ppm in future.
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Conclusion

There is a large 4.5 o discrepancy of Ps-HFS between the previous
experimental values and theoretical calculation. We performed a new

precise measurement which obtains time information.

It reduced possible systematic uncertainties in the previous
experiments (Non-thermalized Ps effect and Non-uniformity of
magnetic field).

Ps thermalization function was measured to treat material effect

correctly. Time evolution of D, and pick-off rate due to Ps
thermalization was taken into account.

Non-thermalized Ps effect turned out to be as large as

10 £ 2 ppm. The result taking into account the Ps thermalization
effect correctly was A, ;s = 203.394 2 + 0.001 6 (stat., 8 ppm)

+ 0.001 3 (syst., 6.4 ppm) GHz, which is consistent with QED
calculation within 1.10, whereas it disfavors the previous
measurements by 2.60.

Our new result shows that the Ps thermalization effect is
crucial for the measurement.
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History plot of Ps-HFS measurements

Phys. Rev. 94, 758 (1954)
@

Phys. Rev. 98, 223 (1955)

Phys Rev. 106 934(1957)

Phys. Rev. A2, 707 (1970) ——-
Phys. Rev. Lett. 29, 1059 (1972) o
Phys. Rev. Lett. 34, 246 (1975) @
Phys. Rev. A15, 241 (1977) o
Phys. Rev. A15, 251 (1977) °
Phys. Rev. A27, 262 (1983) @

Phys. Rev. A30, 1331 (1984) °

| | |
203.3 203.35 203.4
Ars (GH2)




Time evolution of some parameters
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Timing window dependence

1. Ps-HFS at each timing window has been independently fitted
(preliminary). Fitting with thermalization function in the fitting
function and without thermalization (well-thermalized
assumption) have been compared.

——

Illllllllllllllllllll

With thermaliza;
Without therma

tion
lization

203.43— 14’ q#j
- +
+

203.381

Preliminary

203.341

H—
|
T

IllllllIlllllllllllllllllllllllIII||IIIIII
0 50 100 150 200 250 300 350 400

TIME (ns)

Both of Ps-HFS and C are fitted ~ Values without thermalization are smaller.
independently at each TW. Larger effect at earlier timing windows.
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Time evolution of Ps mean kinetic energy in
nitrogen gas with an initial kinetic energy of
2 eV and temperature of 273.15 K

N
N

ENERGY (eV)
o

b~ 50 100 150 200 250 300 350 400 450 500
TIME (ns)



Time evolution of lifetime-weighted Ps
mean velocity in nitrogen gas

N
A
o
o

2000

1500
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Non-thermalized Ps effect in nitrogen
gas

N
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Estimation of the non-thermalized Ps
effect on Ps-HFS in nitrogen gas with an
initial kinetic energy of 2 eV and

temperature of 273.15 K
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2y ANNIHILATION (/ns)
S S5 3 3 3 3

—h
<Q
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Timing window
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2y decay rate

WITH TIMING CUT 35--155 ns

> 0.14
0.12

0.1

2y ANNIHILATION PROBABILIT
=)
(=)
=

409 W RF

With tlmlng

wmdow

35— 155 ns

Effect of timing window on
2y decay rate.

We can decrease BG by
timing window

(Figures are theoretical

curves at Q;=14700)
INDOW

_________________________ 409WRF _____________

Wlthout

1 . 1 1 : 1 1 1 | 1 1 | 1 1 1
0.2 0.4 0.6 0.8 1
MAGNETIC FIELD (T) 60



Whole system of our experimental

[RF system]
signal generator
(8G)

+ GaN amplifier
2.9 GHz
500 W CW

setup

[Gas-handling

system]

Pure i-C,H,, (> 99.9%)

Large bore
superconducting magnet

Waveguide

I / Static magnetic field ;0.866 T\
\

B-tagging system

— Monitor and PC /

feedback

+ source
0O ) (*Na 1 MBg)
\ RF cavity
TM, mode
y-ray detectofs Q =”1° 4.700
LaBr, (Ce)x 6 .
Fine mesh PMTs
NIM, CAMAC
DAQ system

Linux




Top view in the magnet

Light guide
é Fine mesh
Static magnetic field PMT LaBr, scintillator
RF cavity
Compensation coils Lead shield
Il f Light guide
B )
2.9 GHz, 500 W CW RF - T

[=
Fine mesh
Waveguide L % | PMT

N >| 22Na source

Ps formation volume
(filled with £/C H_ )

4 10

Plastic scintillator

LaBr3 scintillator
‘ ‘ ‘ Fine mesh

0 10 20 PMT
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Static magnetic field distribution with
compensation magnet (after Ps-HFS
measurement)
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Time fluctuation of the static magnetic

MAGNETIC FIELD at NMR PROBE (mT)

866.75

866.749

866.748

866.747

866.746

field

2112

|
28/12

04/01
TIME (2011-2012)

11ppm



Decay scheme of ?Na

22
Na .
B* 90.326% 174 4
EC 9.618% 2.6027y
1274.6 4
B* 0.056%
0 v
stable

22
1oNe



Fine mesh PMT

i

N Kovar (alloy of
ainly Fe, Ni, Co.
—  ferromagnetic)
affects magnetic

U

U

\

ELECTRON

field

Measurement
at KEK
A few cm from
center of mag.
— 100 ppm
10 cm
- 10 ppm

? ELECTRON
e

FINE-MESH TYPE
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F|ne mesh PMT in magnetic field
| J MRI Magnet (@ KEK)

el

e~ B RS 2Na ar
In 0.866 T magnetic field, U'; PMT /

LaBr;(Ce) scintillator (1 inch) 22Nz source

and fine mesh PMTs (511 keV 2y back-to-
1.5 inch HAMAMATSU R7761 back, 1275 keVy)

2.0 inch HAMAMATSU R5924
Put them back-to-back 68




RELATIVE GAIN

Angle(0) dependence of PMT gain

1 Photocathode

= ibinch —e—
- 20inch @ '\THI:‘I'A
A Y S N
B o o S ] Magnetlc
: : : ' : . /
01 :ﬁiiﬁﬁiﬁﬁiiﬁéIIIiIIﬁiZIﬁiﬁﬁéiiﬁiii:iiiﬁiiﬁ?ﬁiﬁﬁiZZiﬁiiiﬁ’iiﬁiiﬁiiiiﬁiiiﬁﬁiﬁﬁiiﬁﬁ:: /%/ Feld

____________________________________________________________________________________

:?'::g: * Higher effect on
e e o S R 1 1.5 inch.
0.0 | | | | | - Lowest effect at
10 0 10 20 30 40 50 3Q°
THETA (deg) « Small effect also
Below 10 (not possible to at 45°on 2 inch
measure) over 60° PMT.
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Angle (q) dependence of energy resolution

ENERGY RESOLUTION FWHM (%)

- A
o NN B

o N B~ O

-10 0 10 20 30 40 50

15inch (511keV) —@— | 8
- 2 0 |nch (511keV) —o— W -
IO OO S SRS S q _____ ._
________ %FWHM_
@511keV ffffffffff o e o
o0 &8 e i
; | | ] |

THETA (deg)

Without magnetic
field

* No change at 0°

* Photoelectrons
emitted from
photocathode goes
to anode spiraling
around magnetic
field and being
gained.

* 0°%s the most
efficient at the first
diode.

— Good resolution
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Angle(0) dependence of timing

k resolution
FWHM @ 511 keV
= 0.657 @ ° =}‘[= 511 keV back-to-back
< 06 B 1.5inch ¢ |l Time difference without
5 065:g W2 0inch o | magnetic field (1.5 inch +
F u E . . .
E 045 2.0 inch coincidence)
(_)I 0.4; No magnetic field pmt1_51TkeV_pmiz_51keV
1 035, . TIMING SPECTRUM | | gean® 2016
X 0.3 0 o - RMS 125.2
: 2 2ndf 2031143
0'255 ] :‘?{103? )éonstant 1692+ 13.9
020\J | e Bl Mean  20.67+0.86
10 0 10 20 30 40 50 310 _ Sigma 1244+ 0.6
t THETA (deg) 2 10}
No change at 0° /E/W i
z
D JL Al by by by b WIS g
3 -600400:200 0 200400600800
FWHM 293 ps @ 511 keV™ o "niME DIFFERENCE (ps)
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RF System

R&K
AN _ _
Rohde&Schwarz 856BW200-5057-R
SMV 0 Coupler +50dB
aV ' '

Signal generator _1p4B

~2.856 GHz Crystal Mount
DM-NP-61L

KEYTHLEY 2000} SG mon

Sucoflex

Interlock module

hp 8471E

-30d&

Load

- Cou

~0.866 T Superconducting magnet

Load

N T T T T T \

500W CW RF \

pler

Waveguide !

Isorator

H2830
104 §
5m

500

Sucoflex 104 "
7.5m !

Weinschel 7 Water cooling
-10dB

OMRON SYSMAC CJ1M

g

Agilent 423B

g

Cavity reflection
KEYTHLEY 2000

Agilent E4412A

Power sensor

Agilent E4419B |

Cavity RF-monitor
KEYTHLEY 2000l

Agilent 423B

50Q
4-port Divider -

Mini-Circuits Circulator

Phase shifter

Agilent E4419B

Agilent E9301A
Amp. FWD power —-|Power sensor H=

g

ZA4PD-4-
=

Nihon Koshuha

Weinschel ~ Pasternack SRC-SMJ-205P

-20dB PE 8401

Nihon Koshuha

50Q2
4-port Divider
Weinschel
50Q -20dB
Mini-Circuits

ZA4PD-4-N |50Q

Sucoflex 104

0.5m

UC-SM-2656 Mixer
J2080LB
Isorator

50Q

Phase monitor
KEYTHLEY 2000
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RF input

antenna (Cu)

Input microwaves using metallic
antenna
— discharge at low gas density

Material effect cannot be
evaluated at low gas density
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Dielectric (ceramic) feedthrough

*500 W CW can be input at the gas density as low as 0.25
atm.
* Measured HFS with low RF power at lower gas densities

(ex. 300 W).
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RF Cavity

~0.866 T Superconducting magnet

V adinis Gl
\
A2856BW200-5057-R Load Load »
&Schwarz ARRA 500W CW’RF \
;l N4164-10 Coupler Waveguide ! 1 \
generator  _1n4R | L m e
GHz +3.972+0.001258 Tt
2.853e+09+ 16.2 | 5 \ RF
-4 [dB] 1.945e+05:46.08 | ' v
KEY1 Weinschel L/

-10

-12

1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1

Fieg Itz

2853.2 28533 28534 28535 28536  2853.7

Resonant freq.:2856.6 MHz
Mode:TM,,,

Max. power: 600W [CW]
Wall thickness (Cu):1.5 mm
Q~14,700

B -

2853.8
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Magnetic field of the TM,,, mode

Mo H distribution

1o

0.5 / b4 > Y s - A

ot
00| \
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RF stabilization //Power Feedback

0.021-

RELATIVE POWER (dB)

o
== T

-0.02}

-0.04}

0.06

1%

L Amp. output

l

Amp. Inp

4 hour

ut

power had only 0.08% fluctuation.

_\ 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 T
01-20h 01-21h 01-22h 01-23h 02-00h 02-01h

TIME (2010/07)
The gain of amplifier fluctuate due to fluctuation of the room
temperature. The instability of RF power causes the precision of
Ps-HFS to be poor. Power feedback on SG output (Amp. Input)
RF can be used to stabilize the Amp. output power.

Stable RF power was obtained for the long measurement
period. Short-time fluctuation was 0.2%, and 1-hour averaged

COUNTS (A.U.)
807

-
(=]
N

-
o

1

<

Forward Power Meter [d B]\

RMS 0.008565

- 6=0.2%

T Y O I I AN RN B
-0.04 -0.03 -002 -001 0 0.01 0.02 0.03
RELATIVE POWER (dB)
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Spec of scintillators

density | reflective | Photons \YEVE Radiation
index per MeV intense 1 Length
wavelengt

------

Nal (TI) 3.67 1.85 38000 2.59
Csl (TI) 4.51 1.79 59000 565 1000 1.86
LYSO 7.25 1.81 32000 420 40 1.15
YAP (Ce) 5.55 1.93 19700 347 28 2.7

LaBry(Ce) 5.08 1.9 63000 380 16 1.88
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Background energy spectra of
LaBr,(Ce)

LaBr3
1 La-138_sim BG
Entries 2e+07 Entries 5582410
Mean 0.2246 Mean 0.3102
1 0-1 RMS 0.3698 RMS 0.4752
BG_sim
Entries 2.159986e+07
—_—.2 Mean 0.2826
‘;"1 0 RMS 0.4866
Q
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~.n3
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c
-
(o]
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Decay scheme of 133La

138
57 LA
EC 2 B
es.ey 1.02x10"'y Y4.4%
2" 2"
1435.8 788.7
0 \V4 0° 0" v 0

stable

138 138
56 Da 58 C©



PERCENT TRANSMISSION

100

80

60

40

20

UVT light guide

LaBr, scintillation light spectrum

L aBsSr =

LaBr; has scintillation light
wavelength of A=380 nm

=SSO

= SO

18mm UVT

| UVT
Y (Ultra-Violet Transmitting)

18mm COMMERCIAL
SHEET STOCK

light guides were used.

Transmission of UVT

light guides
| 1

350

400 450 500
WAVELENGTH (nm)

82



UVT light guide
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Light guide length dependence of output

light amounts
“s11kev —— ] D Lose lights which do

—h
T

ol | 1 ; ;giex not satisfy total reflection
. .. 7 5 - e >—>’<—4 . .
1333KkeV - condition

Relative light output
o o
'-|> o)

o
N

+® \% M

: 5 LG Ien;(t)h [cm] " » @ AbSOFpﬁOﬂ
(relatively small effect)

o

About half at 20 cm, no
more large decrease
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RELATIVE LIGHT OUTPUT

o o o © -
N N » oo N N
OFT T T[T 1] @ R B |@| T

o

Angle dependence

<]> 511 keV
Ocm 1 662keV

A 1173 keV
+ 1275 keV
20 cm 1333 keV

f 00
- Va s‘

| | | | | | | | | | | | | | | |
20 40 60 80

LIGHT GUIDE BENDING ANGLE (deg)

* No big change at 20
cm (similar at
0°, 45°, and 90°)

* Almost no effect by
bending.
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g ray detector

Glue 4 parts

5 ho UvT No LG
:
g 1°é > (1275 keV)
= | Na v

107

102

10°

5000 6000
ADC CHANNEL

4000

0 1000 2000 3000

~ UVT light gU|de~

Bend light by 90
deg. using UVT light ¥
guides.

" e Fine mesh PMT
(Parallel to the
magnetic field)

LaBr; scintillator

& Decrease of light by LG.

Compared to light output without
light guide,

it is decreased to 30% with UVT light
guide.

(7% with no-UVT light guide)
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MC geometry

]

_—Fine mesh PMT =~

/’ ‘

(1 MBq)

Magnetic
field

22Na source

)

| [l

I [l
RF cavity

LaBr3 scintillator

Bore diameter
=800 mm

0

10 cm

Large bore
superconducting
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Time difference of the PMTs of the
plastic scintillator

COUNTS (/2ns/10s)
3&0
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TIME (ns)

Time walk correction of LaBr,(Ce)

73\25:
3 £ [
10 w 20F 4108
g -
— 15: —
. 10;;' 4102
51 E
Ok =
10 R :
504 g 10
. 3 105 -
R I I I S S Z,:_.,,- N A I I e S
200 400 600 800 1000 1200 1400 1 200 400 600 800 1000 1200 1400 1
ENERGY (keV) ENERGY (keV)

89



TIME (ns)
N N
(=) ()]

N
(9]

Time walk correction of the plastic
scintillator
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Energy balance cut of the plastic
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Resonance lines
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Resonance lines
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Resonance lines
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Resonance lines
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Sy Ste m a ti C Table 5.1: Summary of systematic errors. (Reproduced from Ref. [1])

Source Errors in Agps (ppm)
Material Effect:

errors o-Ps pick-off 35

Gas density measurement 1.0
Temperature measurement 0.1
Spatial distribution of density
and temperature inside the RF cavity 2.5
Thermalization of Ps:
Initial kinetic energy Ej 0.2
DBS result oy, 0.5
pick-off result oy, 1.8
Magnetic Field:
Non-uniformity 3.0
Offset and reproducibility 1.0
NMR measurement 1.0
RF System:
RF power 1.2
Qr value of RF cavity 1.2
RF frequency 1.0
Power distribution in the cavity < 0.1
Others:
Choice of timing window 1.8
Choice of energy window 0.6
Polarization of et < 0.2
Phase of microwaves < 0.1
o-Ps lifetime < 0.1
p-Ps lifetime < 0.1

Quadrature sum 6.404




Systematic errors in the previous

TABLE III. Uncertainties in Av measurement (ppm).

1977 1983 All

Counting statistics \ 5.0 | 4.4 2.8
' Magnetic field inhomogeneities | 2.4 1.0 1.6
Magnetic field offset and reproducibility 1.4 0.8 1.0
Nuclear magnetic resonance (NMR) calibration 0.4 0.4 0.4
Microwave power and frequency uncertainty 0.5 0.5 0.5
Density uncertainty 0.3 0.3 0.3
Line-shape corrections 11 0.6 - 07

Quadrature sum o 5.9 - 4.7 3.6




“0-Ps lifetime puzzle” solved!

Ps thermalization
was not considered
correctly. There was
a significant
discrepancy.

Correct treatment of Ps
thermalization solved the

discrepancy.

without

1”4

O(a?) QED prediction —-)L

O(o?) correction —p

[Phys.Lett. A69,97 (1978)

Phys.Rev.Lett. 40,737 (1978)

Phys.Rev.Lett. 40,737

J.Phys. B11,743 (1978)

Nuovo Cimento 97A[410 (1987)

Phys.Rev.Lett. 49,525 (1982)

Phys.Rev.Lett. 58,1328 (1987)
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Thermalization Setup (Side view)

Gas inlet, Vacuum pump

Pressure sensor

Gas chamber

22
W— Na source

Plastic scintillator

¥

Light guide 7
—

G

Ge crystal
N
Filled with i-C,H,, gas Ge detector
I I |
0 5 10 cm
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Thermalization Setup (Front view)
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Ps thermalization measurement setup (p* system)

* Source:?’Na (30kBq. Ti foil)

* [*:detect by a plastic scintillator
(200 um thick)

» Scintillation photons are guided to
PMTs through the light guides.

— Start timing is the coincident of
two PMT signals.

4007
3502
3oo§
2502
2002

150F

100;

50 Plastic Source

0_ 1 1 1 I 1 1 1 | I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 | . .
0 5 10 15 20 25 30 35 40 scintillator
Energy (P.E.) (|)10mm

Yuichi Sasaki
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ACAR

Angular Correlation of Annihilation Radiation

, | 5840 mm '
slits l
e* source =

detectors

Fig. 1. One dimensional angular correlation apparatus having three pairs of long (800 mm) Nal(T1) scintillation
detectors. Adjacent pairs are separated by 13 milliradians.

(a)

S T R e
vacuum N, 2.8amagat

(silica aerogel) #, (silica aerogel)
B=1.56T S ., B=1.56T <

7=3.0ns f—\'-_.. : T=3.0ns _ yoat———
ol

B=1.16T f’\.

T=5.1ns Ii/ j!
A

B=0.55T /..5
©=19n
)

Phys. Rev. A 52, 258 (1995) et S . :‘;
J. Phys. B 31, 329 (1998) R B -

£ |p=ossT P E B=0.8IT n
£ =0.8 . =] =

e S| Smee e
3 f o) § A
2 S [B=0.55T .
3 = | t=19s / ~,
B Q

S £

3 Gt

o

B
T pps=125ps T ps=125ps
uuuuuuu | IR b (il I S W T S A T S
J. Phys. B 36, 4191 (2003) i
P; (units of IO_3mc) Pz (units of 10_3mc)

Figure 1. ACAR data for silica aerogel (a) in vacuum and (b) in 2.8 amagat of N,. The full and

broken curves indicate the broad component and the p-Ps component, respectively. The data are
normalized to the broad component intensity. The magnetic flux density and the mean lifetime of

o'-Ps, 7, are indicated in the figure. The mean lifetime of p-Ps, 7,ps, is also indicated for the case 1 1
of no magnetic field.



DBS
Doppler-Broadening Spectroscopy

To 10000
i phototube —
/ “Ge < 1000
> hihds I
Lucnte q =
}, llght g\ndc 1.) v/ @] 100
;Y {) 6 mm S~
”P{a ) thick Magnet ) C
'\ / § B , = -
P (S Pole 8 10 &
scintillator | giowng| VS Faces :
S i
S’ 1
Gas 505
Chamber
]
FIG. 3. Typical thermalization data. The Doppler-broadened
FIG. 2. Experimental apparatus. Positrons from 2Na decay pass 511-keV photopeak is resolved into two Gaussians, a step back-

through a thin scintillator and enter a gas chamber. A magnetic field ground, and a 27 tail. The first three components are shown con-

confines the trajectories near the axis. Positrons that stop in the gas voluted with the intrinsic detector resolution; the 27 tail is also

can form Ps. Annihilation y rays are detected in a Ge crystal.

Phys. Rev. Lett. 80, 3727 (1998)
Phys. Rev. A 67, 022504 (2003)

convoluted with the narrow Gaussian.
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Final Fitting Parameters (D,)
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Final Fitting Parameters (D)
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Final Fitting Parameters (Bg)
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Ps-HFS theory

m
(ppm)

Leading Order 1 000 000 204.386 63 1947-1951
((7/12)ma)
O(a) correction -4919.6 -1.005 50 1952
O(a?) correction 57.7 0.01180 1966-2000
O(allnal) -6.1(2.0) -0.001 24(41) 1993-2001
correction
Sum 995 132.1(2.0)  203.391 69(41)
. a (32 6 5 5,1 a\T1367 5197 , (6 221 , 159

Av —AVO {1—;<i+§ln2>+ﬁa ln;+<;>|:378 —20167T +<5+8—4w>ln2—¥§(3)}

—%§In2§+C§lné+D<%>3}, 3)

PRL 85, 5094 (2000)
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Discrepancy because of rich structure of

vacuum ?
positron positron positron unknown positron
pseudo-scalar
particle
X
electron electron
electron electron >
.> time
time o
Sensitive at “MeV
There m|ght be common. unknown
experiments. We introduce a v* v*
completely new technique to o-Ps 0-Ps
reduce such errors and
. , X
independently check the electron e'ectr;”
discrepancy. time
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Estimate HFS correction from Thermalization parameters

* Calculate the Stark effect correction on HFS from measured o,,.

< Thermalization @0.05atm> < Transition Curve >
<> x10°
— 800 30
é b | Depend on gas density | = | Independent from gas den5|ty
; ; ; ; . 25— ‘
‘; S:, C RFfrequency 2326Hz
o Bzo: ~RF magnettcﬁeld 1OGauss,
S = t Statlc magnetlcﬁeld 0.78 Tesla
-D 0 AG [\
> S
e o T L e S e
C <
e IRV U N NN U SRS W
Eoo e A B B A R
0 200 400 600 800 1000 G0 200 400 600 800 1000
time (ns) time (ns)

*The Stark effect is proportional to (Ps Velocity)x(gas density)
*And also to the 0-Ps—>2y transition probability.

HFS correction = Integration of
(Ps Velocity) x (gas density) x (transition probability)
over the timing range. o




Theoretical resonance line (1)

14,5]. The basis for the four spin eigenstates of Ps is defined as
(1/!0. 1/11. 1/f2. 1/f3) = (1S5,S;) =10,0),1,0), |1, 1), |1, —=1)). We apply
a magnetic field,

B(t) = BZ + BrpX cos(wt), (2)

where z and X are the unit vectors for the z and x directions re-
spectively, Brr is the magnetic field strength of the microwaves,
@ is the frequency of the microwaves, and ¢ is the time since Ps is

formed. The phase of the microwave is randomly distributed for
each Ps in this experiment, but this effect on determination of

Ayrs 1s less than 0.1 ppm so that arbitrary phase can be taken
in the calculation.
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Theoretical resonance line (2)

The Hamiltonian H including the Ps decay becomes

H = hAnrs(t)

(~1= 1V r S
1 i
—( 5 — 5V 0 0
5 2 2/t L i ’ (3)
r 0 5 — 3 Wt 0.
\ 0 0 1-1Iy)

where r = g’;uBBRF cos(wt)/(v2h Anrs(t)), Vs = I ps(t)/
(27TAHFs(f)) Ve =1 ps(0)/ (27 Apps (1)), T pg(t) = Ip-ps + Ipick(t),
I 5 (t) = To-ps + Ipick(£), and I (t) is the pick-off (Ps +e~ —

2y +e™) annihilation rate. The time-dependence of Apps and I'ck
are caused by Ps thermalization, which is described later. The 4 x 4

density matrix po(t) evolves with the time-dependent Schrodinger

equation,
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Theoretical resonance line(3)

ihp=Hp — pH', (4)

where the i, j-element of p(t) is defined as p;;(t) = ([ (t)) (Y (1)
;) and the initial state is described as Eq. (19) of Ref. [20]. The
2y annihilation probability (52, ), and the 3y annihilation proba-
bility (S3,) are calculated between t =tp and t =t; as

3
Say =[(F1;_p5(f)ﬁ>oo(f)+Fpick(f)zpﬁ(f))df~ (3)
to i=1
t1 3

53)/ :/FO—PSprf(t)dt- (6)
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Theoretical resonance line (4)

Furthermore, S3, is divided into two components to calculate the
experimental resonance line shape because of the different an-
gular distribution of decay y rays from Ps between |1,+£1) and
11,0) states [21]. The annihilation probability of |1,41) state,
Sii.+1y = Si1.1y + Sj1.-1y, and the annihilation probability of |1, 0)
state, Sy1.0), are obtamed by

t1

S1,41) f To-ps(p22(t) + p33(t))dt, (7)
to
[

S11.0) =[F0-Pspl1(f)df- (8)

to

123



Theoretical resonance line (5)

Resonance lines are fitted by the folloWing function F(t,n, B):

RRre-on(t, n, B) — Rre-orr(t. n, B)
RRr-oFr(t,n, B)

F(t,n,B)=D1(n)

+ D3 (n). (10)
R(t.n,B) = E(H)Szy(t, n,B) + Sy 4+1)(t.n, B)
+€f(n)5|].0)(t.n,B), (11)

where n is the number density of gas molecules, D{(n) is a nor-
malization factor, D,(n) is an offset, €(n) and €’(n) are the ratios
of detection efficiencies of 2y and |1,0) decay, respectively, nor-
malized by that of the |1,£1) decay. S2y, Sj1.+1), and S1,0) are
calculated numerically from Eqgs. (5), (7), and (8), respectively. In
the fitting process, D1(n) and D,(n) are treated as free parameters
for each gas density because of the following three reasons. The
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Theoretical resonance line (6)

The time dependence of Apps(t) and Ic(t) are estimated us-
ing the following thermalization effect and they are taken into
account in the evolution of S3,,, Sj1,+1), and S1,0y as

Anrs(n, £) = Ade — Cnv (£)°7°, (12)
vit) \°°

FpiCk(nat)=FpiCk(naoo) X ( ) ; (13)
vV (00)

where AP is Ps-HFS in vacuum and C is a constant. A}
and C are common free parameters of fitting for all data points.
Ihick(n, 00) is determined by fitting the RF-OFF timing spectra for
each gas density with the following equation N(t) including Ps
thermalization effect [9,10]:
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Timing spectra

 Based on P. G. Coleman et al., Appl. Phys. 5, 223 (1974).

 There is another paper by another person but Coleman’s
paper is more general.

P(t)dt = (probability of a stop pulse between ¢ and
t+dr)

x (probability of no stop pulse between 0— ¢
for these events)

(1)



Important equations

D(t)dt = S(t)dt[1 — ]‘ P()dt]

Obtained Signal suppression

2)
spectrum —|—N1(t + dt)P(t)dt (
All the start which do not make any signal withint x Probability to get stop signal
where
t
P(t)dt=[1 — | P(t)dt]n,(t + dt)dt (3)
s(hppression All stop that do not make any signal after t.
t+dt
Ni(t+d)=N,— | S(rdt (4)

0

is the total number of start pulses available for
conversion by random stop pulses beyond ¢ + dt, and

n,(t+dt)=N,(t+dt)/T= LT

N,— | S(t)dt] 5)

t+dt
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Calculation

S()dt=D(t)dt/1— JOTtEP(E)dl —[VI1 — JOTt+deES(E )dl X [NI2 — [t
+dtToo #S( )dt [xdt/T
P(O)/1—J0TeEPtT )dl =NI2 — [t+dtTo S )dt =R(?) -
Solve (B) and obtain P(t)
P(t)=el— JO01eER(LT )dl xR(t)-1/1— f0TtEPT )dtT =eT )0 ?t/?(t(fé)}a’t’

First give S(t) as an initial input. Then calculate (B’), substitute in (A), and get a new
S(t). Iterate this until it converges.



Check by Monte Carlo simulation

* Equations seem to be fine, so in order to get visual
idea, check them by MC simulation.

(Condition)
- Start pulse rate (N1) : 1 MHz
*Stop pulse rate (N2) : 100 kHz
-Signal rate  (Sig) : 30 kHz
(Huge signal to see the effect more apparently)

*Signal shape : Prompt delta-function +
exponential (142ns) decay



Accidental (Monte Carlo)

hD N hD

Entries 1.000004¢+09
Mean 830.1

RMS 622.6
] Perfect

--------------- --------------- --------------- ---------------- S agreement
| - : ; ' 1  with

. ] Coleman’s
: 5 ; | : : : A """""""" """"" — equations.
40/ S'Qﬂa* --------------- — ............... ................ -

20; .......................................................................... e e e R S —

-i_ L1 1 | L1 1 : L1 | L1 1 | L1 1 | 11 1 | | | | | | -
00 200 400 600 800 1000 1200 1400 1600 1800
TIME (ns)
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Accidental subtraction

m_h_ti me_p re_ewO_n 285_)(575 m_h_time_pre_ew0_n285_x575
$0.0024F K T T T T T T 7| Entries 5850008
o - Mean  202.9
E 0.0022 l_ """""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" RMS 377.2
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(cmzfg)

LaBr,

5.08 g/cm3

0.511 MeV 8.851e-02 cm?/g
— 2.22cm (1/e)

1.275 MeV 5.046e-02 cm?/g
— 3.90cm (1/e)

| |

10° 10" 10
Photon Energy (MeV)

10"

— Total Attenuation with Coherent Scattering
= == Total Attenuation without Coherent Scattering
Coherent Scattering
-------- Incoherent Scattering
Photoelectric Absorption

Pair Production in Nuclear Field
Pair Production in Electron Field




(cm:,’g)

10°

10

107 —

10" 10° 10"

Photon Energy (MeV)

Total Attenuation with Coherent Scattering
Total Attenuation without Coherent Scattering
Coherent Scattering

Incoherent Scattering

Photoelactric Absorption

Pair Production in Nuclear Field
Pair Production in Electron Field

11.35 g/cm?3

0.511 MeV 1.562e-01 cm?/g
— 0.564 cm (1/e)

1.275 MeV 5.790e-02 cm?/g
— 1.52 cm (1/e)



,
(cm'/g)

10

1

10

Photon Energy (MeV)

Total Attenuation with Coherent Scattering
Total Attenuation without Coherent Scattering
Coherent Scattering

Incoherent Scattering

Photoelectric Absorption

Pair Production in Nuclear Field
Pair Production in Electron Field

10"

10

3.667 g/cm3

0.511 MeV 9.326e-02 cm?/g
— 2.92 cm (1/e)

1.275 MeV 5.107e-02 cm?/g
— 5.34cm (1/e)



